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C raniopharyngioma is the most common intracranial nonglial tumor in children but is relatively rare in adults (Hoffman, 1994) . Although considered histologically benign, these tumors are often associated with neurological de cits, cognitive disorders, and endocrinologic impairment. Some tumors exhibit nger-like attachments to critical structures such as the hypothalamus, optic nerves, pituitary stalk, and basal cerebrovasculature. CT and MRI studies demonstrate that approximately 60% of cases are primarily a solitary cyst, 30% manifest a small solid tumor with one or more cysts, and 10% are purely solid (Lunsford, 1989) . Appropriate therapeutic options must be individualized for each patient.
Microsurgical excision remains the primary treatment for these patients. Multimodality management strategies include microsurgery (Duff et al., 2000; Sanford, 1994) , stereotactic intracavitary irradiation (Pollock et al., 1995; Voges et al., 1997) , and external beam fractionated radiation therapy (Rajan et al., 1993) . A combination of treatment modalities is necessary for patients with refractory craniopharyngiomas containing both solid and cystic components. In view of the proximity of the tumor to the optic apparatus, stereotactic fractionated radiation therapy is often employed to treat residual tumor. In this article, we reviewed our experience with and results of 10 consecutive patients during a 10-year interval. The potential adjunctive role of radiosurgery is evaluated in the context of failure of other treatment options.
Materials and Methods

Patient Series
From January 1988 to July 1998, 11 consecutive patients with recurrent or residual craniopharyngiomas were treated by stereotactic gamma knife radiosurgery. Our early experience was published previously (Lunsford, 1989; Lunsford et al., 1994) . One international patient was lost to follow-up. Ten patients (3 males and 7 females) were serially evaluated to a median of 63 months (range, 13-150 months) (Table 1) . Patients' ages ranged from 9 to 64 years (median, 14.5 years). All patients had prior histologic con rmation either by stereotactic biopsy (2 patients) or craniotomy (8 patients). The median interval between histologic diagnosis and stereotactic radiosurgery was 46.5 months (range, 2 months to 12 years). Two patients (3 and 5) underwent radiosurgery twice because of tumor growth at a new location, which was not covered in the prior radiosurgery plan. Therefore, a total of 12 procedures (2 for intrasellar and 10 for suprasellar tumors) were performed on 10 patients.
Before radiosurgery, 4 patients (2, 4, 5, and 8) had undergone at least 2 microsurgical resections by craniotomy. Three patients (4, 5, and 6) underwent transsphenoidal resections for intrasellar tumor components. Three patients (1, 2, and 8) had undergone stereotactic 32 P-intracavitary irradiation. One patient (2) received both 32 P and fractionated external beam radiation. All patients had panhypopituitarism caused either by prior surgery or by the tumor, and all required regular hormone replacement. Only 2 patients (2 and 6) had normal visual acuity but mild visual eld defects. Two patients had hydrocephalus. Eight of 12 tumors treated had a cystic component as demonstrated by imaging.
Radiosurgical Technique
All adult patients undergoing radiosurgery were given local anesthesia, whereas children less than 14 years of age received general anesthesia. After application of a Leksell model G head frame, a high-resolution MRI was performed to de ne the target volume. Prior to 1991, stereotactic CT was used for target localization. The CT or MRI data were transferred to treatment-planning computers (Elekta Instruments Inc. Atlanta, Ga.).
The enhancing tumor margin served as the radiosurgical target. The target encompassed the entire tumor including cystic and solid components if the dose to the optic apparatus could be kept below 8 Gy. However, if the cystic component was large and approached the optic chiasm, radiosurgery was mainly prescribed for the solid tumor. The 50% isodose curve was used to enclose the tumor in 8 of 12 tumors ( Fig. 1A and B) . Three tumors were irradiated at 60% isodose, and another tumor was treated at the 70% isodose. The median tumor volume (12 tumors) was 1.35 cc (range, 0.18-5.2 cc) with a mean of 1.74 cc. The Leksell Gamma Knife (Elekta Instruments Inc.) was used to deliver radiation in a single session using 1 to 9 isocenters (median, 2.5 isocenters) of different beam diameters (Table 2) . A median dose of 16.4 Gy (range, 12.5-20 Gy) was prescribed for the tumor margin. When necessary, selected beam channels within each collimator were plugged to shift the peripheral isodose curves away from the optic nerve, chiasm, or tract. The maximal allowable dose to the optic apparatus was less than 8 Gy in patients who had not received prior radiation therapy (Flickinger et al., 1990a) .
Results
Ten patients had follow-up clinical and MRI evaluations either at our institution or by their referring physicians. Initial follow-up MRIs were obtained at 3 months, then at 6 and 12 months. If the disease was stable, yearly clinical and neuroimaging follow-ups were then performed. Neuro-ophthalmologic as well as endocrinologic tests were requested at regular intervals. All clinical and neuroimaging data were reviewed at our center. The median postradiosurgery follow-up duration was 63 months (range, 13-150 months).
Clinical Response
There was no procedure-related mortality nor any perioperative complications. Within a median of 8 months (range, 2-94 months) after radiosurgery, objective improvement in visual acuity occurred in 6 of 10 patients, and 3 maintained their preoperative visual acuity (Table 2 ). Two patients (1 and 2) had delayed deterioration in vision after radiosurgery. One of these patients (2) had prior 32 P intracavitary and external beam irradiation and received a 16.7-Gy marginal radiosurgical dose. This patient had initial deterioration of vision followed by progressive improvement to the pretreatment baseline 5 months later. The other patient (1) also previously had 32 P intracavitary irradiation but received 20 Gy as a marginal radiosurgical dose. Her vision deteriorated 4 months after radiosurgery and progressed to complete blindness at 9 months postradiosurgery. This patient's 1-year followup MRI demonstrated tumor regression.
Serial neuroendocrinologic studies showed that all patients continued to exhibit anterior pituitary hormonal loss. No patient developed new-onset diabetes insipidus. One patient (10) had improvement of her pre-existing diabetes insipidus 7 months later. A partial seizure occurred in 1 patient 33 months after her second radiosurgery (patient 3). Preoperatively, 2 patients (3 and 8) had ventricular enlargement, but their tumors completely resolved later. Neither patient required a shunt procedure. Although formal neuropsychologic testing was not performed, no patient or family member reported cognitive decline after radiosurgery.
Tumor Response
Two patients developed tumor recurrence at sites distant from previous radiosurgery. One patient (3), who initially had radiosurgery for her recurrent intra-third ventricle craniopharyngioma, was found to have a new recurrence in the sella at 1-year follow-up MRI. Her intraventricular lesion had disappeared completely. In view of her initial excellent response, her family opted for radiosurgery for the new recurrence in the sella. Sixmonth follow-up imaging showed reduction in the sellar tumor. Ten-year follow-up imaging of this patient continued to show no recurrence of the tumor in either location. Patient 5 was a 9-year-old girl who had recurrence despite two prior frontal craniotomies and one transsphenoidal removal. At radiosurgery, three separate areas of enhancements were noted: just below the left carotid artery, in the right cavernous sinus region, and in the left optic chiasm itself. Enhancement in the left optic chiasm was thought to be an enhancing scar and was not treated. Two lesions were treated by radiosurgery (15-Gy margin dose). The fteen months' follow-up MRI showed regression in one and stable appearance of the other treated lesion. The untreated optic chiasm enhancement was larger in size, suggesting that this too represented a recurrent lesion. This lesion showed further growth and was treated by radiosurgery (14-Gy margin dose). The tumor showed regression in 5 months. A follow-up MRI at 37 months showed regressed and stable tumor size. Her vision was unchanged.
Three tumors (patients 2 and 4, and one tumor of patient 3) exhibited no further growth of tumor after radiosurgery. Five tumors (patients 1, 8, and 10, and both tumors of patient 5) showed regression at a median of 8 months postradiosurgery and continued to show regressed tumor at last follow-up (median 47 months) (for example, see Fig. 2 [patient 1] ). Four tumors (patients 7, 8, and 9, and 1 tumor of patient 3) resolved completely at 12, 22, 40, and 58 months, respectively (for example, see Fig. 3 [patient 3] ). One patient (6) had regression in tumor size by 9 months postradiosurgery but demonstrated some tumor enlargement at 70 months postradiosurgery.
Three patients (1, 4, and 8) required an Ommaya reservoir implantation for management of an expanding cyst noted at the time of radiosurgery. A new cyst developed in 2 patients (1 and 2) at 69 and 51 months, respectively, afterwards. One patient (1) thereafter underwent repeat craniotomy to relieve the increasing mass effect from the cyst (Table 3) . 
Discussion
Microsurgical Resection
Surgical resection should be the rst procedure considered for patients with an expanding cystic or solid craniopharyngiomas (Hoffman, 1994) . With modern neurosurgical techniques, many tumors can be resected successfully. However, some tumors have no line of cleavage between the tumor and adjacent brain or vessels and therefore are difcult to excise completely (Duff et al., 2000; Hoffman, 1994) . In their 30-year review, Prasad et al. (1995) reported that only 11 (35.5%) of 31 reported surgical series had achieved more than 50% radical resection rate. Even after "total resection," long-term success has been questioned because of a 5% to 50% delayed recurrence rate (Duff et al., 2000; Prasad et al., 1995; Rajan et al., 1993; Wisoff, 1994 ). An overview of published reports indicates an average of 12% (range, 2%-43%) risk of operative mortality and 30% (range, 12%-61%) incidence of severe morbidity. Morbidity includes the risk of disabling hypothalamic damage (40%) and visual impairment (19%) (Mark et al., 1995) . Residual tumors generally progress within several years. Scarring from previous surgery may enhance the technical dif culty of repeat surgery and increase the surgical mortality and morbidity (Caldarelli et al., 1998; Wisoff, 1994) . In such patients, more conservative alternative approaches are required, especially for patients with poor overall health.
Conventional External Beam Radiation
Fractionated external beam radiation therapy (150-180 cGy per fraction) is considered an optimal postoperative management strategy for craniopharyngioma, as these tumors are radiosensitive (Flickinger et al., 1990) . In 1993, Rajan et al. reviewed 31 reported series and concluded that limited surgery followed by fractionated external radiation provided excellent tumor control with a recurrence rate of 17% compared with 73% after subtotal resection only (Rajan et al., 1993) . However, the potential risk of delayed hypothalamic-pituitary disturbance (Rajan et al., 1993; Sanford, 1994 ) is greater after conventional radiotherapy. Prevention of postradiotherapy late neuropsychological sequelae to the developing brain remains a serious concern. There is also a risk of tumor induction in a young child treated with radiotherapy (Hoffman, 1994; Prasad et al., 1995) .
Intracavitary Irradiation
Cystic tumors ideally are treated by stereotactic puncture and intracavitary irradiation (Backlund et al., 1972; Pollock et al., 1995; Voges et al., 1997) . In our previous experience (Pollock et al., 1995) , cyst control (same or smaller volume) was obtained in 29 (90.6%) of 32 treated cysts. The cyst decreased dramatically in 25 patients, disappeared in another 3, and remained the same size in 1 patient. Ten (33%) patients required additional surgical intervention for tumor progression. Three (10%) patients died: 2 of tumor progression and 1 of an unrelated cause. Preservation of vision or improvement of endocrine function was achieved in 69% of the intracavitary radiation-only group and in 31% of patients with recurrent tumors. However, cysts smaller than 3 ml are dif cult to treat by intracavitary irradiation. In addition, such treatment does not affect solid tumor growth (Lunsford, 1989) . 
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Intracavitary Chemotherapy
Intracystic administration of bleomycin to obliterate a craniopharyngioma cyst has been advocated as a therapeutic alternative (Broggi et al., 1996; Savas et al., 1999; Takahashi et al., 1985) . Bleomycin is an antineoplastic antibiotic agent that interferes with DNA production. The goal of its use is to suppress the secretion of cystic uid and cause tumor cells to degenerate. Broggi and Franzini (1996) reported promising long-term results after intracystic bleomycin administration. These authors reported complete disappearance of the cyst in 7 of 14 patients. Its potential risks are interstitial pulmonary brosis, alopecia (Prasad et al., 1995) , and injury to the hypothalamus (Haisa et al., 1994) .
Stereotactic Radiosurgery
Radiosurgery is a well-established technique that precisely delivers a large dose of irradiation to a small intracranial volume while minimizing the dose to the surrounding tissue. The technique is used for small craniopharyngiomas (<2.5 cm) that are, preferably, 2-3 mm or more distant from the optic apparatus (Laws and Vance, 1999; Lunsford et al., 1994) . Radiosurgery may be used both as a prophylactic measure to prevent regrowth of a postoperative residual tumor and for treatment of a previously resected tumor that has recurred (Laws and Vance, 1999) .
In 1965, Backlund et al. (1972) rst advocated the use of gamma knife radiosurgery as adjunctive or potentially de nitive treatment of solid craniopharyngiomas. At present, only scattered reports are available regarding results of gamma knife radiosurgery for these tumors (Table 4 ). The role of linear accelerator radiosurgery is still under investigation (Buatti et al., 1998) . In the present study, 7 of 12 tumors regressed or disappeared within a median of 8.5 months after radiosurgery. Another 5 tumors remained unchanged over the follow-up interval. Vision was objectively improved in 6 of 10 patients.
Our results are comparable to previous reports (Kobayashi et al., 1994 (Kobayashi et al., , 1999 Prasad et al., 1995) .
A Boston group (Tarbell et al., 1996) used linear accelerator-based stereotactic radiation therapy to treat 21 patients with residual or recurrent craniopharyngioma between 1992 and 1995. Conventional fractionated doses (1.8 Gy/fraction) delivered 5000 to 5400 cGy in 28 to 30 fractions. With a median follow-up of 15 months, no patient had a recurrence or a treatmentrelated complication. Longer follow-up is needed to evaluate the effectiveness as well as late complication of this type of stereotactic radiation therapy. A conventional fractionation schedule would seem to avoid late cognitive effects after stereotactic radiation therapy. Because radiation delivery is guided using a relocatable head frame, a margin of surrounding normal tissue is included in the treatment volume, which can be excluded in single-session radiosurgery using rigid head xation. Stereotactic radiation therapy, however, could be a logical choice for treating craniopharyngiomas that completely envelope the optic chiasm and are therefore not suitable for singlesession radiosurgery. Data are number of procedures performed in 10 patients.
Abbreviations: GK, gamma knife; CSF, cerebrospinal uid.
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Therapeutic results of radiosurgery and its complications are closely related to the tumor margin dose, which is critically determined by tumor volume and proximity to critical structures (Kobayashi et al., 1999; Laws and Vance, 1999) . In general, the best outcomes are achieved in small-volume tumors. Despite the rapid fall-off of irradiation outside the target volume, proximity of the optic nerves continues to pose the greater risk. Visual deterioration after radiosurgery was noted in 2 of our patients as well as in 1 patient reported by Kobayashi et al. (1994 Kobayashi et al. ( , 1999 . This Japanese patient underwent external beam irradiation followed by radiosurgery (18 Gy marginal, 60% isodose). Preoperative imaging was unable to distinguish the optic nerve well (Kobayashi et al., 1994) . In our series, both patients with visual deterioration had undergone 32 P intracavitary irradiation and 1 patient (2) also had fractionated irradiation before radiosurgery of 16.7-Gy marginal dose. In this case, visual deterioration was transient (Table 2) . One patient lost vision despite documented solid tumor regression (marginal dose of 20 Gy, 50% isodose). However, a large cystic component continued to progress and required implantation of a cyst reservoir 5 months after radiosurgery. This limited experience reinforces the additional risks posed by a history of prior intracavitary or external beam radiation.
Although radiosurgery is indicated primarily for small-volume solid craniopharyngiomas (Kobayashi et al., 1994; Laws and Vance, 1999; Lunsford et al., 1994) , we consider radiosurgery in additional clinical presentations. About one-third of the craniopharyngiomas are mixed type, with one or more cysts. Cysts smaller than 3 ml are dif cult to treat by intracavitary irradiation (Lunsford, 1989) , and in such patients, radiosurgery may be acceptable. In 1995, Prasad et al. reported a response rate of 50% in 6 mixed cystic tumors (2 cysts decreased and 1 cyst remained stable in size) after radiosurgery. In the present study of 8 mixed tumors, we achieved 37.5% response rate from treated cysts (2 cysts remained the preoperative size and another decreased in size) at a median of 62.5 months after treatment. Two new cysts developed in patients between 4 and 6 years after treatment. Additional experience is warranted to assess whether radiosurgery alone controls growth of small cystic craniopharyngiomas.
Conclusion
Although surgical resection remains the rst consideration in the management of a solid craniopharyngioma, adjunctive treatment strategies are often needed to control tumor cysts and recurrence. Stereotactic radiosurgery has an important selective role in the multimodality management of craniopharyngioma. 
